The adsorption and switching behaviors of Ti atoms on Si(111)-7ϫ7 surfaces for room-temperature and 100°C depositions have been investigated by successive scanning tunneling microscope ͑STM͒ imagings of the same region as well as by synchrotron radiation ultraviolet photoemission spectroscopy ͑SR-UPS͒. At very low coverage ͑0.02 monolayer͒, individual Ti atoms are confined and switched within the ''subtriangular'' region consisting of two neighboring center adatoms and corresponding corner adatom in a half unit cell at room temperature. Both STM and SR-UPS data indicate that the individual Ti atoms adsorbed are associated with the Si rest atom sites. The Ti atoms were found to be more mobile in faulted halves than that in unfaulted halves.
I. INTRODUCTION
The surface diffusion of adsorption atoms is an important subject of surface science and the scanning tunneling microscope ͑STM͒ is a powerful tool for observation of the diffusion of individual atoms on semiconductor surfaces. [1] [2] [3] [4] [5] [6] Ti/Si is a technologically important system. For the initial growth at room temperature, Ti-Si reactivity has been known to be very strong. [7] [8] [9] [10] [11] The adsorption and reaction of Ti on Si(111)-7ϫ7 surfaces have been studied using STM. 12, 13 The main effort has been directed to the analysis of highcoverage and high-temperature reactions, somehow bypassing the very early stages of Ti-Si reactions at room temperature. In this paper, the results of a STM and synchrotron radiation ultraviolet photoemission spectroscopy ͑SR-UPS͒ investigation of the adsorption and switching of individual Ti atoms at room temperature on Si(111)-7ϫ7 surfaces are presented. Ultralow-coverage deposition and observations of very long periods of time have enabled us to analyze the trapping characteristics of mobile Ti adatoms in the reconstructed cells. Exceptionally sharp surface emission obtained by SR-UPS provides pertinent information on the surface reaction.
II. EXPERIMENTAL PROCEDURES
The STM experiments were carried out in an ultrahighvacuum ͑UHV͒ chamber with a base pressure below 5 ϫ10 Ϫ11 mbar. The chamber is equipped with an ultrahighvacuum STM ͑Omicron STM1͒. All STM images were taken at room temperature in the constant-current mode with a tunneling current of ϳ0.2 nA. Si͑111͒ substrates with miscut orientation of less than 0.5°͑P doped, 0.1-0.2 ⍀ cm, 10 mmϫ4 mmϫ0.3 mm) were used. After introducing the samples into the chamber, 7ϫ7 reconstruction was achieved by direct current heating at ϳ700°C for several hours followed by flashing several times at 1250°C for a total of 1 min below 1ϫ10 Ϫ9 mbar. Samples were checked to ensure that they had a well-ordered 7ϫ7 surface before any metal deposition. The evaporation of Ti ͑99.99% purity͒ was performed with a well-outgassed electron-beam evaporator at room temperature or 100°C. During the evaporation the pressure in the chamber was better than 1ϫ10 Ϫ10 mbar. The deposition rate was about 0.16 ML/min, where one monolayer ͑ML͒ is defined to consist of 7.83ϫ10 14 atoms/cm 2 , corresponding to one adsorption atom per ideal Si(111)-1 ϫ1 surface atom. The valence-band spectra were taken in the low-energy spherical grating monochromator beamline ͑LSGM, BL-08A͒ at Synchrotron Radiation Research Center ͑SRRC͒ in Hsinchu, Taiwan. Figure 1 presents an occupied-state STM image of Ti/Si(111)-7ϫ7 at 0.007 ML. At this ultralow coverage, the surface retains the original 7ϫ7 reconstruction. Some adatoms including center and corner adatom sites in both faulted or unfaulted half unit cells appear brighter. These brighter adatom are mobile as shown in Fig. 2 Figure 2 shows nine filled-state images that are selected from a sequence of successive STM images, obtained at room temperature, of the same region. In the outlined faulted half, a subtriangle ͑also outlined͒ consisting of two center adatoms and corresponding corner adatom is of particular interest. In these images, either one of the three adatoms ͓Figs. 2͑a͒, 2͑c͒-2͑f͒, and 2͑h͒ and 2͑i͔͒ or all three adatoms ͓Figs. 2͑b͒ and 2͑g͔͒ becomes brighter. In addition, no matter how the bright site changes, the bright adatom is always confined in this subtriangular region. As will be shown in later paragraphs, the Ti atom is actually not adsorbed right on the top of the Si adatoms to make the adatoms appear brighter. Figure 3 shows the dimer-adatom-stacking ͑DAS͒ fault model of the faulted half of the Si(111)-7ϫ7 reconstruction. Figure 3͑a͒ corresponds to the STM image of the faulted subunit cell enclosed in the bright triangle in Fig. 2͑a͒. Figure 3͑b͒ is a cross-sectional view along the long diagonal showing the vertical extension of the Si atoms of a 7ϫ7 unit cell. If a Ti atom were adsorbed on top of the center adatom so that the center adatom appears brighter, the bright site should have the same probability to hop between three center adatoms ͑labeled h, k, and l in Fig. 3͒ . But from the consecutive STM images obtained with a time interval of about 100 s for 2 h, the hopping of the brighter adatom from h, k, to the l center adatom site was never observed. As a result, the Ti atoms are confined in the subtriangular region consisting of two center adatoms and the corresponding corner adatom ͑labeled h, k, and c in Fig. 3͒ . It indicates that once a Ti atom is trapped within the subtriangular region, it can never escape at room temperature.
III. RESULTS
The types of adsorption sites were defined visually by STM images with different sample bias voltages ͑from Ϫ2 V to 2 V͒ and quantitatively by line scans in the images with Ϫ2 V sample bias. We note that, in addition to the three most common types of adsorption sites-i.e., sites A, B, and C ͑shown as follows͒-a small fraction ͑about 5%͒ of images that are of different types is yet to be interpreted and not reported herein.
For a Ti atom trapped at site A, as seen in Figs. 2͑b͒ and 2͑g͒, three adatoms become brighter simultaneously in the filled-state images and the apparent height of the brighter adatoms is higher than usual by about 0.5 Å with Ϫ2 V bias as shown in Figs. 4͑a͒ and 4͑b͒. The empty-state images are identical to those of the clean Si(111)-7ϫ7 surface. From a consideration of the image symmetry, the most probable site for a Ti atom is on top of the rest atom, similar to Au-atom adsorption on top of the rest atom of the Si(111)-7ϫ7 surface.
14 The reaction of the rest atoms would cause a reverse charge transfer from the reacted rest atoms to surrounding atoms and thus make those adatoms appear brighter. 6 For site-B adsorption, as seen in Figs. 2͑d͒-2͑f͒, 2͑h͒, and 2͑i͒, there is one brighter center adatom and the apparent height of it is higher than usual by about 1.2 Å with Ϫ2 V bias as shown in Figs. 4͑a͒ and 4͑c͒.
In the empty-state image, the bright spot was found to be not right at the center adatom site. extra spot in an empty-state STM image corresponds to the position of a deposited atom. 15 On the other hand, in the filled-state image, the redistribution of electron density is such that the center adatom looks brighter. It is worthwhile to note that the center of the maximum does not necessarily represent the position of an atom. The adsorption site is inferred not only from a comparison of the empty-state image and filled-state image, as shown in Fig. 5 , but also from the hopping behavior of the brighter site on top of the Si adatom in the filled-state image. Otherwise, the bright site may jump out of the subtriangle from symmetry considerations. The analysis indicates that the Ti atom is adsorbed between a rest atom and a neighboring center adatom for site-B adsorption.
For site-C adsorption, as seen in Figs. 2͑a͒ and 2͑c͒, one corner adatom becomes brighter and the apparent height of the brighter corner adatom is higher than usual by about 1.2 Å with Ϫ2 V bias as shown in Figs. 4͑a͒ and 4͑d͒ . The corner adatom is of too high a brightness to obscure the change in the line profiles near the rest adatom. On the other hand, from the analysis of the brightness profiles, shown in Figs. 6͑b͒ and 6͑c͒, at Ϫ1 V bias voltage, a significant change near the rest atom is apparent. It is therefore inferred that the Ti atom is adsorbed between the rest atom and corner adatom.
The UPS data also supported the identification of A, B, and C adsorption sites to be associated with the rest atom. Figure 7 shows the normalized valence-band spectra with exceptionally sharp surface-state emission. In the figure, S 1 , S 2 , and S 3 , located at 0.3, 0.9, and 1.8 eV binding energy, are known to correspond to the adatom ͑AD͒, rest atom ͑R͒, and adatom-backbond ͑ADB͒ surface states, respectively. 17, 18 As seen in the figure, deposition of Ti quenches first the surface states S 1 and S 2 , which become fully attenuated at about 0.24 ML, while S 3 appears to be less influenced. With 0.02 ML Ti coverage, the intensity of the S 2 state decreases while that of the S 1 state stays the same. This indicates that at this coverage Ti interacts first with the rest atom. Comparing with the STM images and the line scans of 0.007 ML coverage with various sample biases as shown in Fig. 8 as well as Figs. 9, 10, and 11, the adsorption types of 0.02 ML deposition were found to be the same as those of 0.007 ML deposition.
The relative brightness and height of the brighter adatom are lower at Ϫ1 V sample bias than at Ϫ2 V sample bias. At Ϫ0.5 V sample bias, the relative brightness and height of the adatom are even lower and not readily detected. From the results of UPS measurements, shown in the Fig. 7 , the intensity of the S 2 state decreases while that of the S 1 state stays the same and that of the S 3 state increases slightly. As is well known, STM is not only sensitive to the surface geometry but also to the surface electronic structure. The measured tunneling current was proportional the integration of the density of surface states ͑DOS͒ from the Fermi energy to the bias voltage. With a sample bias voltage of Ϫ0.5 V, the DOS of S 1 was measured primarily. From a slightly more obvious variation of the brightness of the adatom with a sample bias voltage Ϫ0.5 V than that of Ϫ2 V and Ϫ1 V and on a change of S 1 state in UPS analysis for Ti adsorbing, it was inferred that the Ti atoms were not adsorbed on the adatoms. Furthermore, the increase of the adatom brightness is due to the charge redistribution by the interaction of Ti atoms with the rest atoms. The adatoms becomes brighter at Ϫ2 V sample bias since the DOS of S 3 increases.
For faulted halves, the relative hopping probabilities of A f →B f , B f →A f , and B f →B f are 38%, 38%, and 15%, respectively, where the subscript ''f'' refers to the faulted half unit cell. The probability of all hopping to and from the C configuration (A f →C f , B f →C f , C f →A f , and C f →B f ) is about 9%. The Ti atoms in the unfaulted ''u'' half unit cells are of nearly zero mobility. Only a few hopping incidents (B u →B u ) in the unfaulted halves were observed in our continuous-time imaging for 2 h. The observation indicates that the mobility of single Ti atoms in the faulted halves is much higher than that in the unfaulted halves, especially between two adjacent B sites and between A and B sites.
Limited by the scanning speed of the STM used ͑about 100 s for a 30ϫ30 nm 2 frame͒, caution needs be exercised in the possible overlook of some of the hopping events from the consecutive STM images. In addition, whether the distribution of Ti atoms has reached equilibrium is of critical concern. Consequently, as many as 700 adsorption sites for samples with Ti deposited at room temperature and 100°C were analyzed to obtain a statistically more meaningful distribution as shown in Fig. 12 . The population densities of Ti atoms on the faulted halves and unfaulted halves are statistically equal for room-temperature deposition. However, a preference for faulted halves was observed for 100°C depositions. It is apparent that, at room temperature, there is not enough energy for Ti to jump across the dimer to neighboring half unit cells. On the other hand, at 100°C, Ti atoms can jump out of the half-triangles and reside preferentially on the faulted side. In the faulted subunits, the adsorption probabilities of sites A, B, and C are nearly equal. The proportion of type-C adsorption reduced significantly to almost nil in 100°C deposited samples.
As seen in Figs. 3͑a͒ and 3͑b͒ , the structural environments for sites B and C are significantly different. It is apparent that site C corresponds to an energy valley with steep slope and the energy barriers for Ti atom to jump in and out of site C to sites A or B are relatively high and difficult to overcome at room temperature. On the other hand, the adsorption probabilities at different sites are markedly different between faulted and unfaulted halves in both room-temperature and 100°C deposited samples. In 100°C deposited samples, Ti atoms, aided by the thermal energy, can jump more easily from site C to the site A or B. However, the reverse jump is more difficult owing to the higher energy barriers. In the unfaulted subunit, the binding energy for site B is obviously higher than those of the other sites since only the proportion of site-B adsorption increased and sites A and C are decreased in samples deposited at 100°C. From the change of the adsorption site distributions between room-temperature and 100°C deposition and fewer hopping incidents to and from site C in the faulted halves, it is inferred that the energy barrier between sites C and B or C and A is higher than that between two adjacent sites B or sites A and B at room temperature. The Ti atoms in the unfaulted halves are of nearly zero mobility. Consequently, no meaningful statistics can be obtained for hopping frequency.
IV. DISCUSSION
From ab initio density functional theory calculations, it was concluded that the dangling bonds on the surface provide natural adsorption sites for adsorbed species. 19 The conclusion is consistent with the experimental findings of many gas/Si͑111͒-7ϫ7 systems. 5, 19 However, for transitionmetal/Si͑111͒-7ϫ7 systems, the relatively low coordination of Si dangling bonds adsorption sites makes them an implausible location for transition metals, which bond with six or more neighbors in bulk silicide compounds. The metal atoms were found to adsorb not just on top of the adatoms or rest atoms. For example, Co is adsorbed at the interstitial sites. 20 From our experiments, the preferential adsorption site is between the rest atom and neighboring center adatom ͑site B). The result is similar to the Ti/Si(100)-2ϫ1 system, 7 in which a Ti atom is adsorbed at the pedestal site on the dimer row below 440 K and stronger chemical reactions occurred by substituting the Si dimer at higher temperatures.
The higher mobility of adsorption atoms in faulted half unit cells implies that there are several stable adsorption sites and the energy barriers between them are smaller than those in unfaulted halves. At room temperature, the individual Ti atom, once trapped, can never escape from the subtriangular region. The behaviors of Ti adsorbates on the Si(111)-7 ϫ7 surface at higher temperature as well as at higher coverage are currently under investigation and will be reported elsewhere. 16 An alternative description of many of the effects observed might be that the Ti atom rests on the rest atom (A) and may tilt in various ways to interact with either the corner or edge adatoms. However, for 100°C deposited samples, the adsorption at C sites becomes almost nil. This makes the alternative interpretation less likely since once the Ti atom is adsorbed on top of the rest atom, tilting toward C site should also occur.
V. CONCLUSIONS
In conclusion, the adsorption and switching of single Ti atoms on Si(111)-7ϫ7 surface have been investigated by STM and SR-UPS. Ti atoms are confined within a ''subtriangular'' region defined by two neighboring center adatoms and their corresponding corner adatom in the faulted halves of the 7ϫ7 triangle at room temperature. Both STM and SR-UPS data indicate that the individual Ti atoms adsorbed are associated with the Si rest atom sites. Ti atoms were found to be more mobile in faulted halves than that in unfaulted halves at room temperature.
